Disks around brown dwarfs (BDs) are excellent laboratories to study the first steps of planet formation in cold and low-mass disk conditions. The radial-drift velocities of dust particles in BD disks are higher than in disks around more massive stars. Therefore, BD disks are expected to be more depleted in millimeter-sized grains compared to disks around T Tauri or Herbig Ae/Be stars. However, recent millimeter observations of BD disks revealed low millimeter spectral indices, indicating the presence of large grains in these disks and challenging models of dust evolution. We present 3 mm photometric observations carried out with the IRAM/Plateau de Bure Interferometer (PdBI) of three BD disks in the Taurus star forming region, which have been observed with ALMA at 0.89 mm. The disks were not resolved and only one was detected with enough confidence (∼ 3.5σ) with PdBI. Based on these observations, we obtain the values and lower limits of the spectral index and find low values (α mm 3.0). We compare these observations in the context of particle trapping by an embedded planet, a promising mechanism to explain the observational signatures in more massive and warmer disks. We find, however, that this model cannot reproduce the current millimeter observations for BD disks, and multiple-strong pressure bumps globally distributed in the disk remain as a favorable scenario to explain observations. Alternative possibilities are that the gas masses in BD disk are very low (∼ 2 × 10 −3 M Jup ) such that the millimeter grains are decoupled and do not drift, or fast growth of fluffy aggregates.
INTRODUCTION
Disks around Brown Dwarfs (BDs) are excellent laboratories to study the first steps of planet formation in cold and low-mass disks. Substantial circumstellar material based on mid-infrared, far-infrared, and (sub-)millimeter emission has been observed around young low-mass stars, including BDs (e.g. Klein et al. 2003; Luhman et al. 2007; Pascucci et al. 2009; Harvey et al. 2012a,b; Joergens et al. 2012; van der Plas et al. 2016 ). These observations revealed that BD disks are potential sites of planet formation (e.g. Apai et al. 2005) , or even around free-floating planets (Bayo et al. 2017) . Observations with Herschel of the [OI] 63 µm line and (sub-)millimeter continuum observations with ALMA show that BD disks are smaller and much less massive than disks around T Tauri stars, implying that planet formation may be limited around BDs Hendler et al. 2017 ). However, companions around BDs have also been observed, as in the case of 2MASSWJ 1207334-393254, a BD with mass of M = 25 M Jup , and with a companion of ∼5-7 M Jup detected at ∼55 au (Chauvin et al. 2004 ). The high-mass ratio between this BD and the companion ( 0.2) may suggest that they formed as a binary system, either by collapse of molecular cloud cores with sub-stellar masses (Padoan & Nordlund 2004) or by dynamical ejection when a dense and unstable molecular cloud fragments and forms multiple systems (Reipurth & Clarke 2001; Bate 2009 Bate , 2012 .
Recent observations of BD disks at millimeterwavelength suggest that even in these very low-mass and cold conditions, micron-sized dust particles grow to large sizes and these pebbles remain in the disk for million-year timescales (e.g. Ricci et al. 2012a ). This conclusion is based on the slope of the spectral energy distribution (SED) at long wavelengths, which can be interpreted in terms of grain size (e.g. Henning et al. 1995; Beckwith et al. 2000; Draine 2006) , with low values of the spectral index (α mm 3) corresponding to large grains. This interpretation is valid when the emission is optically thin and in the Rayleigh-Jeans regime of the spectrum. Assuming disk midplane temperatures of (∼20-100 K), at (sub-)millimeter wavelengths ( 0.4 mm), the Rayleigh-Jeans regime is suitable.
The initial growth of particles in protoplanetary disks is governed by the interaction with the gas. Because of the sub-Keplerian motion of the gas, the dust particles experience a headwind that leads to the loss of angular momentum and their fast inward drift (Whipple 1972; Weidenschilling 1977 ). Theoretical models predict that the radial-drift barrier is a devastating problem for millimeter dust particles in disks around low-mass stars, in particular, BDs, compared to their high-mass counterparts. The inward drift velocity of particles depends on how different the gas azimuthal velocity is with respect to the Keplerian speed. Because this difference is higher for disks around low-mass stars, the inward drift velocity of particles can be twice as fast for particles in BD disks than in disks around Sun-like stars (e.g. Pinilla et al. 2013) , depleting the millimeter dust in the whole disk in short timescales ( 1000 yr). In addition, there is an observational correlation between the disk dust mass and the stellar mass (see, e.g. Fig. 6 in van der Plas et al. 2016) , indicating that the disk mass scales with the mass of the central object. Hence, BD disks are also lowmass disks, implying that centimeter-sized dust particles in the inner disk (few astronomical units from the BD) start to be decoupled from the gas and experience high inward drift velocities. A recent ALMA survey of disks in the Chamaeleon I star-forming region hinted that the radial-drift timescales are indeed shorter in disks around lower-mass stars (Pascucci et al. 2016) . Millimeter observations of BD disks have challenged current dust evolution models and only under extreme conditions where the radial drift is highly reduced in the entire disk, dust evolution models can explain current millimeter observations of BD disks (Pinilla et al. 2013) .
To overcome the radial-drift barrier and explain the presence of millimeter grains in typical protoplanetary disks, the existence of a single broad pressure bump or multiple pressure bumps distributed radially have been suggested (e.g. Klahr & Henning 1997) . The presence of such pressure bumps can lead to bright ring-like structures observable at the optical, near-infrared, and (sub-)millimeter wavelengths, as have recently been observed (e.g. ALMA Partnership et al. 2015; Andrews et al. 2016; de Boer et al. 2016; Isella et al. 2016; Ginski et al. 2016; Fedele et al. 2017; van Boekel et al. 2017; van der Plas et al. 2017) . Embedded planets can open gaps in disks and also lead to particle trapping at the outer edge of the gap. This scenario (in particular, when a giant planet is embedded in the disk), can create structures as observed in transition disks, which are a set of disks that lacks emission at λ 10 µm and have dust cavities (e.g. Strom et al. 1989; Espaillat et al. 2014 ). However, alternative models, such as photoevaporation and magnetohydrodynamical processes, can also create structures like a transition disk (e.g. Flock et al. 2015; Owen 2016; Pinilla et al. 2016) . In fact, strong coronal mass ejections and flares (such as the ones reported by Schmidt et al. 2014 , for an ultracool dwarf) can trigger X-ray emissions that are high enough to increase the disk heating and ionization. These X-rays can trigger photoevaporation (Owen et al. 2011) , creating inner holes. At the edge of these inner holes, dust particles can be trapped (Alexander & Armitage 2007) . On the other hand, if X-rays can penetrate the disk, this can change the ionization of the inner disk, which can change the disk turbulence. This can lead to an active inner disk followed by a dead zone, which can have a direct consequence in the gas surface density profile , and on the dust dynamics and growth . Nonetheless, the duration of X-ray flares is usually much shorter than the growth time of magnetohydrodynamical turbulence or than the cavity-opening process by photoevaporation (Ilgner & Nelson 2006) . In these two cases (photoevaporation or dead zones), a single and strong pressure bump is expected as in the case of a single massive planet.
A couple of disks around BDs have been identified as transition disks in IC 348 (Muzerolle et al. 2006) , with small cavity sizes of few au, but larger than the magnetospheric truncation or dust sublimation radii. Muzerolle et al. (2006) explained that the UV flux expected in BD disks is probably too low for the dispersal of the inner disk and to explain the cavity origin by photo-evaporation. Embedded planets that are massive enough to open a gap may be an option; however, Payne & Lodato (2007) suggested that giant planet formation is inhibited in that sub-stellar regime and only Earthlike planets can form via core accretion. Hence, Payne & Lodato (2007) concluded that Jupiter-like companions to BDs are only possible to form as binary systems. In addition, Testi et al. (2016) systematically examined the disk masses of BD disks in Ophiuchus, and found that at 1 Myr the reservoir of material available for planet formation is very small in BD disks. The obtained disk dust masses depend on the assumption for the dust temperature, as shown in Fig. A1 from Testi et al. (2016) . Nonetheless, independent of the assumption for the dust temperature, according to their observations, the BD disk masses are not sufficient to build Jupiter-mass planets, but also very small to build several Earth-like planets.
In this paper, we explore whether dust trapping by a massive planet (which may not form in the disk) can lead to low millimeter spectral indices as observed in BD disks. In the case of disks around T Tauri or Herbig Ae/Be stars, these models of trapping by embedded planets are enough to keep millimeter grains in the outer regions on million-year timescales and to explain the millimeter spectral index, in particular, for transition disks (Pinilla et al. 2014) .
In order to investigate trapping by a planet in a BD disk, we first aim to answer the question: What is the minimum mass planet needed to open a gap and trap particles in a BD disk? Afterwards, assuming such a planet, we explore particle trapping and whether or not the resulting dust density distributions at million-year timescales can reproduce low values of the spectral index. We compare our models results with new values and limits of the spectral index obtained for three disks around BDs. We present new 3 mm (100 GHz) photometric observations carried out with the IRAM/Plateau de Bure Interferometer (PdBI 1 ) of three BD disks in Taurus, which were observed with ALMA in Band 7 (∼0.89 mm, 339 GHz). With these two millimeter fluxes, we calculate the spectral index for each target, doubling the previous measurement of spectral index estimations for BD disks.
This paper is organized as follows. In Sect 2, we present a short description of the PdBI observations and the calculation of the disk dust masses. Moreover, we obtain the millimeter spectral index and compare these results to other star-formation regions. In Sect 3, we present our calculations for a planet to open a gap and trap particles in a BD disk, we show the results of 2D hydrodynamical simulations and dust evolution models, together with the comparison with current observations of BD disks. In Sect. 4 and 5, we discuss the results and present the main conclusion of this work respectively.
OBSERVATIONS
The observed targets are located in the Taurus starformation region (at a distance of 140 pc, Wichmann et al. 1998) , and they were previously identified by photometric surveys and confirmed as Taurus members by optical spectroscopy (e.g. Martín et al. 2001; Briceño et al. 2002; Luhman et al. 2003) . Based on the available flux information at 1.3 mm (Scholz et al. 2006) , we selected the three disks with the highest millimeter fluxes (J043814, J043903, and J044148; see Table 1 ).
We obtained 3.0 mm photometric observations of three disks around BDs with PdBI. The observations were made on 2014 July 23, 26, and 31. The most compact configuration of five antennas was used to have the maximum sensitivity possible, with a longest baseline of 97 m. The wide-band correlator (WideX) was used, which provides a fixed spectral resolution of 1.95 MHz. For phase and amplitude calibration, the quasars 0400+258 and 0507+179 were used. For flux calibration, MWC349 was used for the three targets. The total time on source was 4.3 hr for J043903, 3.9 hr for J044148, and 3.6 hr for J043814. For all the scans, spurious signals were identified and flagged, and natural cleaning was performed to obtain the final image. The obtained resolution was around ∼3 .8×4 .8 for all the targets. Note-Column 1: Used ID. Column 2 and 3: Right ascension and declination. Column 3: Spectral type (SpT). Column 4: BD mass. Column 5: BD luminosity used for calculating the dust temperatures and disk dust masses ( 1 .5 σ 1. 5σ
1 .5 σ 1 . 5 σ 1.5σ
1 .5 σ 1.5σ
1. 5σ
1 .5 σ 1. 5σ 1 . 5 σ 1.5σ 1.5 σ 1.5σ Table 1 .
We do not resolve the disks and only J044148 was detected ( 3.5 σ). Figure 1 shows the continuum maps at 3 mm of the three targets. The total flux and its uncertainty were obtained from the image plane for each target. We also use uvmodelfit in CASA to fit a point source, and find similar values as in the images for the total flux (Table 1) .
We used recent ALMA observations 2 in Band 7 (339 GHz, 0.89 mm), for which the disks are detected with significant signal-to-noise, to calculate values and limits of the spectral index. The sizes of the regions used to extract the fluxes was well within the maximum recoverable scale for all the ALMA observations. With these observations, we double the current number of spectral index estimates for BD disks. We took the 0.89 mm measurements from Ward-Duong et al. (submitted) , where the details of the ALMA observations can be found.
2 Project number #2012.1.00743.S
Millimeter Spectral Index and Disk Dust Mass
With the total flux at 0.89 and 3.0 mm, the integrated spectral index is given by α mm = ln(F ν1 /F ν2 )/ ln(ν 1 /ν 2 ), and the values for each of the BD disks are summarized in Table 1 . To compare with observations of other protoplanetary disks in different star-formation regions, we gathered the data presented in Ricci et al. (2012b Ricci et al. ( , 2013 Ricci et al. ( , 2014 and classified it according to their spectral type. Figure 2 shows the spectral index (calculated either between ∼0.89 and 3 or ∼1.3 and 3 mm) as a function of the flux at 1.3 mm (which is indicative of dust mass for optically thin emission, see e.g. Testi et al. 2014 ). In the Rayleigh-Jeans regime of the spectrum, the calculation of the spectral index is independent of the used wavelengths. For the three observed BDs, we calculate the expected flux at 1. The data for Taurus, Ophiucus, and Orion groups were taken from Ricci et al. (2012b Ricci et al. ( , 2013 Ricci et al. ( , 2014 . The new data reported are represented in squares. The error bar for most of the points is illustrated in the left corner, otherwise is plotted.
the spectral index (α mm 3), as observed for other BD disks and disks around more massive stars in different star-formation regions (e.g. Ricci et al. 2012b; . Nonetheless, two of the obtained values are lower limits (Table 1) . The spectral index is indicative of grain size (with low values, α mm 3, implying millimeter grains in the outer parts of disks) as long as the emission is optically thin. To estimate the validity of this assumption, we determine how compact the disk should be, if it hosts only large grains, for the millimeter emission to be optically thick. We obtain a very small outer disk radius ( 0.1 au), supporting our assumption of optically thin emission.
With the 0.89 mm fluxes, we estimate the disk dust mass assuming optically thin emission (Hildebrand 1983; Andrews et al. 2013 ):
where d is the distance to the targets (taken to be 140 pc), κ ν is the mass absorption coefficient at a given frequency. We assume a frequency-dependent relation given by κ ν = 2.3 cm 2 g −1 × (ν/230 GHz) 0.4 (Andrews et al. 2013 ). B ν (T dust ) is the Planck function for a given dust temperature T dust , for which we assume the relation
0.17 K obtained by van der Plas et al. (2016) for spectral types of M5 and later and a disk outer radius of 60 au. The estimations for the disk dust mass for each target are shown in Table 1 .
The low values of the spectral index indicate that dust particles have millimeter sizes in these BD disks. In the next section, we investigate dust evolution models assuming a massive planet embedded in the outer disk to trap millimeter grains and compare the theoretical predictions of the spectral indices and millimeter fluxes with current observations.
DUST TRAPPING BY AN EMBEDDED
PLANET IN A BD DISK From our current dust evolution models, millimeter grains around BDs can only be explained under extreme conditions, such as strong pressure inhomogeneities of around 40-60% of amplitude (Pinilla et al. 2013 ). However, such strong pressure bumps are not expected from magnetorotational instability (MRI) simulations, which predict pressure bumps with a maximum of 20-25% of amplitude compared to the background density (e.g. Uribe et al. 2011; Dittrich et al. 2013; Simon & Armitage 2014) . Strong pressure bumps can originate at the outer edge of a gap carved by a planet, and in this section, we aim to understand if trapping in BD disks due to an embedded planet can lead to low values of the spectral index as observed in BD disks. 
where Re is the Reynolds number at the position of the planet r p , which is equal to r p Ω p /ν (Ω is the Keplerian frequency and Ω p is calculated at the planet position), with ν being the disk viscosity, usually parametrized as Shakura & Sunyaev 1973) , and c s being the sound speed. In addition, q is the planet-to-star mass ratio, H is the disk aspect ratio equal to c s /Ω, and R H is the Hill radius of the planet, i.e. r H = r p (q/3) 1/3 . Because the BD disks are colder than T Tauri disks and the mass of the central star is also lower, the required planet mass for a planet to open a gap differs from the one needed around a T Tauri star (typically with a q value of 10 −3 , which corresponds to a 1 M Jup around a Sun-like star). We calculate the opening gap criterion (Eq. 2), assuming the BD parameters as in Table 2, (Table 2) , two values of αvisc, and a planet position of 10 au. In the shaded area the criterion is satisfied.
Parameter Values Teague et al. 2016) , and a simple temperature parametrization. As proposed by Kenyon & Hartmann (1987) , we assume a power law that depends on the temperature (T ) and radius (R ) of the central star, or in our case of the BD, given by
where the angle between the incident radiation and the local disk surface is taken to be φ inc = 0.05, to assume temperatures close to the disk midplane (e.g. Hartmann et al. 1998 ).
The criterion to open a gap (Eq. 2) is satisfied for a Saturn-like planet located at r p = 10 au and for α visc = 10 −3 (Fig. 3) . This corresponds to a planet to star mass ratio of q = 6×10 −3 . Note that this mass ratio is lower than the one observed in 2MASSWJ 1207334-393254 (Chauvin et al. 2004 ). The formation mechanisms of this planetary mass companion around the BD was explored by Lodato et al. (2005) , concluding that the core accretion is too slow to form this planet. However, alternative mechanisms, such as gravitational instability and binary formation are challenging, but still possible. For a lower viscosity (α visc = 10 −4 ), a lowermass planet can open a gap (0.7 M Saturn ), because the viscous torque is lower. At a more distant location, the planet would be more massive to satisfy the condition. These proposed planets cannot be detected with our current observational capabilities, neither by means of radial velocity or direct imaging. Pinilla et al. (2014) analyzed the potential correlation between the planet position (which is directly connected to the cavity size in transition disks) and the spectral index, finding a positive correlation (observationally and theoretically), given by α mm = 0.011 × R cav + 2.36, which implies that the spectral index would not change significantly if the planet is located on a different orbit. This dependence can be explained by the fact that moving the planet inwards increases the maximum size of particles inside the trap, but also reduces the surface area of the dust trap.
Hydrodynamical simulation. -We assume a planet of Saturn mass located at 10 au to run hydrodynamical simulations, in order to study the planet-disk interaction process in a locally isothermal BD disk, assuming a value of α visc = 10 −3 (Table 2 ). The motivation to select 1 M Saturn for the planet mass is because the masses of the disks around BD are of the order of few Jupiter masses, and if the planets are formed within the disk, we ] 500 orbits 1000 orbits Figure 4 . Left panel: 2D gas density distribution after 1000 orbits of evolution assuming a single planet and the parameters as in Table 2 . The gas surface density is normalized to the initial profile. Right panel: the averaged gas surface density after 500 and 1000 orbits, which is later assumed to compute the dust evolution.
thus select the minimum mass planet to open a gap and to have effective trapping of particles. We do not consider the case of α visc = 10 −4 , because when turbulent diffusion of grains is too low, fragmentation of particles is unlikely inside a pressure trap, leading to the formation of planetesimals in million-year timescales and the depletion of millimeter-sized pebbles. As a consequence, dust evolution models assuming low viscosity, usually lead to large planetesimals with low opacity, thus low millimeter fluxes and values of the spectral indices that are in disagreement with observations (e.g. Pinilla et al. 2013; de Juan Ovelar et al. 2016) .
For the hydrodynamical models, we used the legacy version of FARGO2D (Masset 2000) . For the initial gas surface density, we assumed a power law, such that Σ ∝ r −1 . In Pinilla et al. (2013) , we demonstrated that changing the power-law index does not have a significant effect on the final dust density distributions and the resulting spectral indices. In addition, we assume a logarithmically spaced radial grid with 512 points from 0.2 to 6 r p . The azimuthal grid is linear with 950 grid cells. The scale height and the disk temperature are assumed consistently with Eq. 3, that is, the disk aspect ratio is increasing with radius as H/r = h 0 × (r/r p ) f , with a flaring index f = 0.25. The disk aspect ratio at the planet position (h 0 ) is taken to be 0.14. The mass of the disk is taken to be 2 M Jup . This disk mass value is an optimistic value compared to the values reported in Table 1 (and assuming a dust-to-gas disk mass ratio of 1/100), and we assume a disk mass of a BD disk similar to ρ Oph102 and 2M0444 (Ricci et al. 2013 . Decreasing the disk mass reduces the maximum grain size and hence it increases the resulting spectral index (Birnstiel et al. 2010a) .
Results from FARGO simulations are presented in Fig. 4 , which shows the 2D gas density distribution after 1000 local orbits (∼ 3 × 10 4 years) and the averaged gas surface density after 500 and 1000 orbits. The resulting gap is shallower than in the case of a T Tauri star. For instance, in the case of q = 6 × 10 −3 , the gas surface density inside the gap for a T Tauri or Herbig disk, with the same α visc , is more depleted than in the BD disk (see, e.g. Pinilla et al. 2015 , where the gas surface density is depleted by 4 orders of magnitude for the same α visc and q). The main reason for the shallower gap in the case of BD disks is due to the higher scale height at the planet position. The scale height depends on the sound speed (c s ) and Keplerian frequency (Ω), and because of the lower central mass, the scale height at the planet position is closer to the planet Hill's radius (r H ), making the equilibrium shape of the gap shallower (Crida et al. 2006) . Our simulations show that the gas surface density inside the gap decreases by around one order of magnitude. There are some observational suggestions that disks around BDs are actually flatter (e.g. Pascucci et al. 2009; Szűcs et al. 2010; Liu et al. 2015; Daemgen et al. 2016) , but this depends on the range of wavelengths that is used as an indicator for the degree of settling in the disk (Furlan et al. 2011; Mulders & Dominik 2012) . However, observations provide informa- . The green triangle corresponds to a test where the gas density is low and thus millimeter-sized particles are decoupled from the gas (Fig 6) .
tion about the dust settling and not directly about the gas disk scale height.
Dust evolution and theoretical spectral indices. -We used the azimuthally averaged gas surface density from the hydrodynamical simulation after the disk has reached a steady-state (∼1000 orbits) to self-consistently calculate the dust density distribution, taking into account dust dynamics and the dust growth process (coagulation, fragmentation, and erosion, see Birnstiel et al. 2010b ). This combination of hydrodynamical and dust evolution models was introduced in Pinilla et al. (2012) , and we refer to this paper for more details. We follow the evolution of 180 grain sizes from 1 µm to 2 m. Initially, all the dust is taken to be 1 µm sized particles distributed in the disk with a constant gas-to-dust ratio of 100. We assume a fragmentation velocity of particles of 30 m s −1 , and also that the collision at this velocity or higher will lead to fragmentation of particles. These values are in agreement with numerical and laboratory experiments of dust particles with water ice mantles (e.g. Paszun & Dominik 2006; Wada et al. 2009 Wada et al. , 2011 Gundlach & Blum 2015) , consistent with the disk temperatures that we assumed (from 55 to 10 K from the inner to the outer radius). We model the evolution from 3 × 10 4 years up to 1 Myr. The results of the dust density distribution as a function of radius and grain size are shown in the left panel of Fig. 5 . The dust distribution shows an accumulation of particles at the location of the gas surface density maximum (or pressure maximum), at ∼ 17 au. In this case, the maximum grain size in the whole disk is determined by radial drift because particles drift inwards before they can grow to larger sizes. As consequence, it is only inside a pressure bump that particles can grow to millimeter sizes in BD disks (e.g. Pinilla et al. 2013; Birnstiel et al. 2015) . Inside the pressure bump, the particles reach sizes of ∼ 1 mm. Outside the pressure bump, the maximum grain size is smaller (∼ 0.08 mm), because the high radial drift also leads to the fragmentation of particles.
In order to compare the millimeter fluxes that result from this dust evolution model, we take the dust density distribution at different times of evolution (0.1, 0.5, 1, 2, and 3 Myr) and calculate the optical depth (τ ν ) at two different millimeter wavelengths, such that τ ν = σ(r, a)κ ν / cos i, where σ(r, a) is the vertically integrated dust density distribution at a given time of evolution (as shown in Fig. 5 at 1 Myr). The opacity for each grain size and at a given frequency or wavelength (κ ν ) is calculated following Mie theory, and we assume the volume fractions and optical properties for the dust particles as in Ricci et al. (2010) ; and i is the disk inclination, which we assume to be 20
• (as in Scholz et al. 2006 , for the targets observed with PdBI). With the optical depth, we obtain the total flux as
where d is the distance to the source, which is assumed to be 140 pc as the Taurus star-forming region, and B ν (T (r)) is the Planck function, for which we assume the temperature profile of Eq. 3. After we obtain the millimeter fluxes, we calculate the spatially integrated spectral index as explained in Sect 2.1, between 1.3 and . Left panel: initial dust density distribution as expected from grain growth without experiencing radial drift (Pinilla et al. 2013 ) and with the same disk conditions as in Table 2 . Middle panels: dust density distribution after 3000 years (top) and 0.1 Myr (bottom) of evolution considering dust dynamics (drift, drag, and turbulent diffusion), but without dust coagulation processes and reducing the gas disk mass by a factor of 100. Right panels: same as middle panels but reducing the gas disk mass by a factor of 1000.
3.0 mm. The results are shown in the right panel of Fig. 5 , together with the available data of BD disks (see Fig. 2 ). We find that the theoretical spectral indices are high at any time of evolution ( 3.5) for the case of trapping by an embedded planet, in disagreement with current millimeter observations of BD disks. The spectral index only has values slightly lower than 3 at the location of the pressure maximum (∼ 17 au), but in a very narrow region (width of ∼ 5 au). The dust concentration in the pressure maximum is very narrow because of the high radial drift that millimeter-sized particles experience in disks around BD. Contrary to the case of a disk around T Tauri or Herbig stars, there are too few millimeter-sized particles concentrated in a very narrow region when there is trapping by a planet in a BD disk. This leads to high values of the spectral index integrated over the entire disk at any time of evolution. The resulting millimeter fluxes are, however, in the range of some of the observed BD disks. Moving the planet or changing the initial disk parameters (gas surface density slope, fragmentation velocity, outer radius) would not contribute significantly to decreasing the spectral index based on the results from Pinilla et al. (2013 Pinilla et al. ( , 2014 . As an experiment, we also assumed a BD disk for which the outer radius is at 25 au (right beyond the bump of millimeter grains) to run the dust evolution and test if in this case the spectral index decreases. However, the spectral index barely changes compared to the model shown in Fig. 5 , with R out = 60 au.
DISCUSSION
Interferometric millimeter observations with CARMA, ALMA, and PdBI of disks around BDs provided the first measurements of the millimeter spectral index, and revealed values expected when dust grains have grown to millimeter sizes (e.g. Ricci et al. 2013 Ricci et al. , 2014 . Such observations are a challenge for models of dust evolution in disks because the radial inward drift velocities are expected to be higher for particles in BD disks than in disks around T Tauri stars, depleting the disk in grains before they can grow (Pinilla et al. 2013) .
In models of dust evolution around T Tauri and/or Herbig Ae/Be stars, the problem of dust radial drift can be solved by assuming either several, and smooth, pressure bumps globally distributed in the disk, or with a single and strong pressure bump, as the one formed when a massive companion ( 1 M Jup ) is embedded in the disk, which can be the case for transition disks (e.g. Pinilla et al. 2012 Pinilla et al. , 2014 Espaillat et al. 2014; Owen 2016) . In the case of a BD disk, we demonstrated that a Saturn mass planet is the minimum mass required to open a gap in the gas surface density and trap millimeter-sized particles.
However, for any of the targets in Table 1 , the disk mass is too low to form a Saturn-like planet at any location of the disk. By assuming a disk accretion rate of 10 −12 -10 −9 M yr −1 (values observed for BD disks, Herczeg et al. 2009; Rigliaco et al. 2011 ), a disk age of 1 Myr, a dust-to-gas disk mass ratio of 1/100, and the disk dust masses obtained from the 0.89 mm data for the BD disks in Table 1 , we estimate that the initial disk mass is ∼ 3 − 6 M Saturn for the most massive disk in Table 1 ( J044148) . Therefore, these BD disks do not have enough mass to form giant planets, as was shown by Payne & Lodato (2007) . Nonetheless, some observations of proto-BD, suggest values of the envelop mass of ∼ 20 − 30 M Jup (André et al. 2012; Palau et al. 2014) , which means that there may be enough material at earlier states to form a Saturn-like planet around a BD.
In addition, we show that the hypothesis of dust trapping by a massive planet is not suitable to explain the low values of the spectral indices of BD disks (α mm 3.0, Fig. 2) , contrary to the case of more massive and warmer (transition) disks. Therefore, multiple and strong bumps remain as a favorable scenario to explain the current millimeter observations of BD disks (Pinilla et al. 2013) . Understanding what can be the origin of such strong pressure bumps in BD disks is still an open question, since multiple massive planets are unlikely.
One possible solution to allow millimeter-sized particles to remain in BD disks is that their disk gas masses are much lower than assumed, such that millimeter grains do not experience radial drift. In this scenario, the millimeter grains may be completely decoupled from the gas and do not feel the headwind that arises from the sub-Keplerian gas velocity. As a numerical experiment, we assume a smooth dust density distribution as expected from grain growth without experiencing radial drift (Pinilla et al. 2013 ), but with the same disk conditions as in Table 2 , and reducing the gas surface density by a factor of 100 or 1000 (Fig. 6 ) and we do not consider the feedback from the dust to the gas (nor changes of the radial drift). This simple experiment aims to test if the millimeter-sized particles can remain in the outer disk and if the amount of dust is enough to have values of the spectral index and millimeter fluxes in agreement with observations. In these tests, the coupling parameter of dust particles with the gas for the millimeter grains increases by two or three orders of magnitude, such that they are partially or completely decoupled. With the assumed dust density distribution, we model the dust evolution considering only the dust dynamics (drift, drag, and turbulent diffusion), and neglecting coagulation processes (Fig. 6) . However, including fragmentation does not change the results because the millimeter-sized particles are beyond the fragmentation barrier.
In the case where the gas surface density is reduced by a factor of 100 and the disk gas mass is 2 × 10 −2 M Jup , the millimeter-sized particles only remain in the disk for short times of evolution. This is a result of dust diffusion, which can still affect the millimeter-sized particles that are partially decoupled, moving the grains to the inner regions where drift can be more effective. However, when the gas surface density is reduced by a factor of 1000 and the disk gas mass is 2 × 10 −3 M Jup , the millimeter-sized particles are completely decoupled from the gas and they are not affected by diffusion as in the previous case. As a consequence, these particles can remain in the entire disk for long times of evolution while small grains ( 0.1 mm) drift inwards.
Considering the dust density distribution after 0.1 Myr, we calculate the millimeter fluxes and spectral indices as explained in Sect. 2.1. We obtain a flux at 1.3 mm of ∼ 1 mJy and a spectral index of α mm = 2.1 in agreement with the observed values (Fig. 5) . The crucial question to address with future observations is to determine the gas mass in disks around BDs in order to test this idea.
An alternative possibility is fluffy dust growth, which avoids barriers of planetesimal formation, such as radial drift and fragmentation (Kataoka et al. 2013) . In this scenario, fluffy aggregates grow with a low filling factor such that large aggregates (meter to kilometer-sized particles) can still be coupled to the gas and avoid the radial drift. They are afterwards compressed by collisional compression, self-gravity, and disk gas to form more compact planetesimals. The opacity of fluffy aggregates is expected to be similar to compact dust grains at millimeter-wavelengths. In particular, it is quite difficult to distinguish between both scenarios from spatiallyintegrated values of the spectral index (Kataoka et al. 2014) . Spatially resolved observations with high angular resolution that radially resolve the spectral index is an alternative to discern between compact and fluffy growth and a challenge for future observations, in particular in the context of low-mass, cold, and compact disks around BDs.
CONCLUSIONS
We present 3 mm continuum observations carried out with the PdBI of three BD disks in the Taurus star form-ing region, which have been observed with ALMA in Band 7 (0.89 mm). Based on these data, we obtained the values and lower limits of the spectral index, finding low values (α mm 3.0), which suggest the presence of millimeter-sized particles in these BD disks as observed for disks around T Tauri and Herbig Ae/Be stars in different star-formation regions. In addition, we calculate the dust disk masses, finding values between 0.4 and 2.3 M ⊕ .
We compare these observations with models of dust evolution when a massive planet is embedded in a disk around a BD, in order to study particle trapping and the expected spectral indices. We found that a Saturn mass planet is the minimum mass required to open a gap in the gas surface density and to trap millimeter-sized particles. This scenario is, however, an unlikely explanation because Saturn mass planets are far above the present-day planet forming capabilities of these disks. One possibility is that disks were more massive and these planets formed early on or these companions form as a binary systems. In addition, we obtained the theoretical spectral indices from dust evolution models assuming a Saturn mass planet embedded in a BD disk. We found, however, that the spectral indices are high ( 3.5), in disagreement with current millimeter observations of BD disks.
An alternative possibility to current observations is that the gas mass in BD disks is so low (∼2×10 −3 M Jup ), such that the millimeter-sized particles are completely decoupled, and preventing them from drifting inward. However, there are indications that some BD disks are gas rich , but a more systematic and sensitive survey with ALMA that provide information of gas distribution/mass, is required to solve this question.
A plausible explanation to current observations is strong pressure bumps distributed in the entire disk and not only a local strong pressure bump (Pinilla et al. 2013 ). Therefore, it is possible that the low spectral indices observed in BD disks hint to unresolved multi-ring substructures, as observed in more massive and warmer disks (e.g. HL Tau, ALMA Partnership et al. 2015) . High angular resolution and sensitive observations with ALMA that allow us to detect dust rings in BD disks, are crucial to understand the drift barrier in the extreme conditions of BD disks.
